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This paper explores the effects of mild sweep on active separation control at high Reynolds numbers and
incompressible Mach numbers. The model, which was tested in a cryogenic pressurized wind tunnel, simulates
the upper surface of a 20% thick Glauert–Goldschmied type airfoil at zero angle of attack. The boundary-layer
� ow is turbulent because the tunnel side-wall boundary layer � ows over the model, eliminating laminar-turbulent
transition from the problem. Without control the � ow separates at the highly convex area, and a large turbulent
separationbubble is formed at the lee side of the model.Periodic excitationand steady mass transfer were applied to
eliminate the separationbubblegradually.During the test, the Reynolds numbers ranged from 7 ££ 106 to 26 ££ 106,
and the Mach numbers were 0.2 and 0.25. The test sweep angles were 0 and 30 deg. It was found that the excitation
must be introduced slightly upstream of the separation region regardless of the sweep angle at low Mach numbers,
as in the two-dimensional � ow. The conventional swept � ow scaling is valid for controlled, fully and even partially
attached � ow, but different scaling is required for the separated three-dimensional � ow. The effectiveness of the
active control is not reduced by mild sweep, and the effective frequencies do not change.

Nomenclature
Cdp = pressure drag coef� cient
Cm = moment coef� cient
Cn = normal force coef� cient
C p = wall pressure coef� cient, ´ .P ¡ PS/=q
C¹ = combined blowing momentum coef� cient, ´ .c¹I hc¹i/
c = model chord
c¹ = steady blowing momentum coef� cient, ´ J=cq
hc¹i = oscillatory blowing momentum coef� cient, ´ hJ 0i=cq
FC = reduced frequency,´ . f xsp/=U1
f = oscillation frequency, Hz
h = slot height or width
J = momentum at slot exit, ´ ½hU 2

j
M = Mach number
P = pressure
q = freestream dynamic pressure, ´ 1=2½U 2

1
Rc = chord Reynolds number, ´ U1c=º
T = temperature
U , u = average and � uctuating streamwise velocity
w = � uctuating spanwise velocity
X sp = distance from baseline separation to reattachment
x=c = normalized streamwise location
z = spanwise location
3 = sweep angle, deg
º = kinematic viscosity
½ = density
h i = phase-lockedvalues

Subscripts

d = derecti� ed hot-wire data
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j = conditions at blowing slot
R = reattachment
S = separation
2D = two-dimensional
3D = three-dimensional
1 = freestream conditions

Superscript

0 = rms of � uctuating value

I. Introduction

B OUNDARY-LAYER-CONTROL (BLC) research dates back
to the turn of the 20th century (e.g., Prandtl, in Ref. 1). How-

ever, low ef� ciency, complexity, and maintenance dif� culties pre-
vented the utilization of laboratory proven BLC techniques, such
as blowing or suction. Forced oscillations superimposed on a mean
� ow that is on the verge of separating were previously found to
be very effective in delaying turbulent boundary-layerseparation.2

Experiments performed on various existing airfoils at low and high
Reynolds numbers3¡5 demonstratedthat even if the � ow is not fully
attached the lift could be signi� cantly enhanced by the introduc-
tion of periodic excitation into the separated shear layer. This is
achievedby exciting the � ow at frequencies that generate 2–4 span-
wise coherent vortices over the length of the separated region (i.e.,
FC ¼ 1). The addition of periodic excitation into a separating tur-
bulent boundary layer increases the momentum transfer across the
shear layer, enhancing its resistance to separation under adverse
pressure gradient. The technique was also demonstrated at high-
Reynolds-number compressible speeds.6¡8 Though demonstrated
experimentally, active separation control using periodic excitation
is still a challenge for numerical simulation, moreover design tools
for practical Reynolds numbers are not available.

A multidisciplinary design optimization process, using active
BLC, shouldenablesimpli� ed high-liftsystems, thickerairfoils that
will allow lighter structures and greater internal volume, shorter aft
bodies, size reduction, and even elimination of conventional con-
trol surfaces. The resulting systems should be simpler, cheaper,
more ef� cient, and reliable than traditional ones, while maintain-
ing performance.9 Existing design tools are capable of reproducing
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steady� ows, includingsteady mass transfer.However, the inclusion
of unsteady BLC effects into computational � uid dynamics (CFD)
tools has not been performed. The development of a proper three-
dimensional CFD design tool is dependent on the availability of a
comprehensivedatabaseat relevant conditions(i.e., � ight Reynolds
numbers) to allow its validation.

The present experiment is aimed at improving our understanding
of controlling three-dimensionalseparated � ows at � ight Reynolds
numbers and providing a comprehensive database for validation
of unsteady three-dimensional CFD design tools. Speci� cally we
are exploring the effects of sweep and location for introduction
of the control input. Previous publications presented some of the
experimental results for incompressible7 and compressible8 two-
dimensional � ow over the same model.

Sweep and compressibilityare associatedin the sense that sweep
was initially introduced in order to reduce the effective wing thick-
ness ratio and therefore delay the appearance of shock waves to
higherfreestreamMach numbers.The importanceof separationcon-
trol over three-dimensional con� gurations stems from the need to
optimize high-lift systems of swept wing airplanes as well as other
three-dimensional � ows. Although two-dimensional � ow is rela-
tively easy to establish and analyze, quasi-two-dimensionalswept
� ow or in� nitely swept � ow is extremely complicated to duplicate
and essentially impossible in the presence of separation. Presently
we study the effects of active separation control by rotating the
model to a mild sweep of 30 deg and comparing the results to those
obtained in the absence of sweep.

Section II of this paper provides a brief descriptionof the experi-
mental setup. Section III presents the experimental results, initially
of the baseline � ow and thereafter those of the controlled � ow.

II. Description of the Experiment
A. Overview

The two-dimensional setup of the experiment was described in
detail in previous publications,7;8 where the two-dimensional data
were presented and discussed. Here, the three-dimensionalexperi-
mental setup and results will be presentedand discussed.Therefore,
only essential details that distinguish the current experiment from
the previous will be repeated here.

B. “Hump” Model

The model simulates the upper surface of a 20% thick, modi� ed
Glauert–Goldschmied type airfoil. The original airfoil10;11 was de-
signed to allow a long fetchof laminar � ow, followedby a severead-
verse pressure gradient and a suction slot to prevent boundary-layer
separation.This type of airfoil should be extremely effective from a
structuralpointof view (becauseit hasa large thicknessratio),allow-
ing a large internal volume and also effective aerodynamic perfor-
mance with � ow control. The Glauert–Glas II airfoil11;12 was wind
tunnel tested and � ight proven.13 In the current test only the upper
surface of the modi� ed airfoil (Fig. 1) was installedon the right-side
tunnel turntable of the wind tunnel (Fig. 2). The reference chord is
200 mm. The original location of the airfoil leading edge is de� ned
as the reference leading edge (LE; Figs. 3). This area was faired
smoothly from x=c D ¡0:05 to 0.05 in order to eliminate slope

Fig. 1 Cross section of the “Hump” model, showing the alternative
slots at x/c = 0.59 and 0.64, actuator cavity and surface slope.

Fig. 2 Top view of the experimental setup in the 0.3-m transonic cryo-
genic wind tunnel. The model is shown on the left-side turntable. BLC
denotes side-wall boundary-layer removal system.

discontinuity. Two alternative excitation slot locations are avail-
able: x=c D 0:59 and 0.64. The slots were about 0.25% chord wide
(0:50 § 0:05 mm) and allowed an almost tangentialdownstream in-
troductionof steadyor oscillatorymomentum (Fig. 1; the slots were
machined at an angle of 30 deg to the airfoil surface).The � oor and
ceiling boundary layers did not affect the spanwise uniformity of
the � ow over the model that was installed on the sidewall because
of the use of a pair of end plates (vertical thick lines on Figs. 3).
The gap between the end plates and the tunnel walls was 12.7 mm,
which was deemed suf� cient, based on the available wind-tunnel
boundary-layerdata.7;14 The tunnelcross-sectionalblockagecaused
by the model and end plates was 0.0836. The model allows testing
at 0- and 30-deg sweep. The swept con� guration was achieved by
removing certain parts of the model, rotating the turntableon which
the model was installed by 30 deg and placing alternative parts of
the model and an alternative set of end plates (as shown in Fig. 3b).
The pressuretap locationsare also shown in Figs. 3. The streamwise
row contains 34 taps, aligned at about 20 deg with the freestream
direction (at zero sweep) that is also used for the 30-deg swept
con� guration. Three spanwise rows, of nine pressure taps each, are
located at x=c D 0, 0.49, and 0.95. The pressure taps are spaced ev-
ery 25.4 mm (0:127c) and cover half the chord length on each side
of the centerline. The swept con� guration contains two additional
taps on the forward upstream end (Fig. 3b). The internal diameter
of all pressure tap ori� ces was 0.254 mm. The model was also in-
strumented with 12 unsteady pressure transducers (indicated by £
symbols on Figs. 3). The transducers are installed under the model
surface inside small volume cavities. The cavities are connected to
the surface of the model by tiny ori� ces, 0.254 mm in diameter. The
effect of this installation on the frequency response of the unsteady
pressuretransducersis complex.Therefore,only the � at rangeof the
transducersfrequencyresponse(up to about 2 kHz) is considered.A
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Fig. 3a Top view of the unswept model. The vertical ——, indicate the
location of the end plates.

Fig. 3b Top view of the swept model. The vertical ——, indicate the
end plates.

comprehensive bench-top calibration and occasional in situ testing
by a piezoelectric actuator were conducted to validate the sensors’
performance.In addition,one transducerwas � ush mountednear the
trailing edge of the turntable next to a recessed pressure transducer,
and their readingsare compared.The full scale of the unsteadypres-
sure transducers is 10 psid. They were referenced to the static wall
pressures immediately next to the ori� ce locations or to the wind-
tunnel plenumpressure in order to maintain optimal resolution even
at static pressures that exceed the transducer’s range. One unsteady
pressure transducer was installed inside the model cavity, midway
between the end plates and about30 mm from the slot exit. It is used
to monitor the cavity pressure oscillations in the wind tunnel and to
correlate the wind-tunnel data with the bench-top calibrationof the
slot exit velocity vs the imposed cavity pressure oscillations.

C. 0.3-Meter Transonic Cryogenic Wind Tunnel

The experiment was conducted in the 0.3-meter Transonic Cryo-
genic Wind Tunnel at the NASA Langley Research Center. It is a

closed-loop, fan-driven tunnel with a test cross section of 0.33 by
0.33 m. Gaseous nitrogen is the test medium. The tunnel operates
at stagnationpressures ranging from 1.2 to 6 bars and total temper-
atures from 78 up to 327 K.15;16 A fully automatic control system
maintains the test conditions,providinga high level of repeatability.
The � oor and ceiling of the tunnel were slightly diverged near the
model to reduce blockage resulting from boundary-layergrowth on
the test-section walls. The tunnel side walls are parallel, so that no
divergence is possible in the direction normal to the model surface.
In certain runs a turntablethat was instrumentedwith static pressure
ori� ces was placed opposite the test model in order to evaluatewall
interference. A schematic description of the experimental setup in
the wind tunnel is given in Fig. 2.

D. Oscillatory Blowing System

The Oscillatory Blowing System is capable of generating any
desired combinationof steady and periodic momentum transfer be-
tween the cavity inside the model and the external� ow. More details
can be found in Refs. 5–8.

E. Bench-Top Experiments

A bench-top calibration was performed in order to correlate the
� uctuating slot velocities (u0

j;d ) with the cavity pressure � uctua-
tions (p0

c). This calibration was performed for the x=c D 0:59 and
0.64 slots and covered the entire frequency range and most of the
normalized amplitude .p0=½/c range that was used in the cryogenic
wind-tunnel tests. The frequency response of the present excitation
system (oscillatory blowing valve-manifold-cavity)is signi� cantly
simpler than the one used previously.5 This allows the generation
of a single correlation between u 0

j;d and . p0=½/c for each slot cal-
ibration. The slot width changed by as much as §10% (0.05 mm)
between different runs because of the modular nature of the model
and also as a result of cryogenic cycling. This is accounted for in
the uncertainty level of hc¹i (i.e., §25%). More details on the slot
calibration are given in Refs. 5–8. Note that the preceding slot cali-
bration is not affected by sweep.

F. Experimental Uncertainty

Most of the experiments were conducted at cryogenic pressur-
ized conditions (about 100 K), close to the lower limit of the tun-
nel capability. Most of the data were obtained with separated � ow
regions on the model. Table 1 contains the relevant information
regarding experimental uncertainty. These values were calculated
using §3 standard deviations of the various experimental condi-
tions and calculated parameters (including repeated runs). All of
the test instruments were operated with valid calibrations.

The uncertainty of the calculated aerodynamic parameters are
listed in Table 2 (in absolutevalues and related to � ow condition on
the model).

Table 1 Uncertainty of � ow and control parameters, % of full scale
unless otherwise noted

Item Uncertainty (of full scale) Full scale and condition

Slot width 10% 0.5 mm
Static temperature 0.3% 300 K
Static pressure 0.25% 77 psi
Rc 1% M > 0:2
M 2% Local values
FC 2% 2
c¹ 0.01 or 10% The larger
hc¹i 25% Local values
f 0.3% 800 Hz
C p 1% M < 0:3
C p;rms 15% M < 0:3

Table 2 Uncertainty of aerodynamic parameters

Parameter Baseline Controlled

Cn 0.010 0.015
Cdp 0.0005 0.0010
Cm 0.005 0.010
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G. Experimental Conditions

The experiments were conducted at Mach numbers of 0.20
and 0.25 and chord Reynolds numbers ranging from 7:0 £ 106 to
26:0 £ 106.

III. Results
Overview

The results presented in this part of the paper are divided into two
sections.The � rst section describes the effects of sweep on baseline
the � ow over the model. The second section describessweep effects
on the controlled incompressible � ow. The Reynolds number, the
excitationfrequency,magnitudeand locationof introduction,aswell
as the effect of steady mass transfer, are all considered.

Effects of Sweep on the Baseline Flow

Effect of sweep on the baseline and on the controlled � ow were
studied by rotating the model to a mild sweep angle of 3 D 30 deg
and repeating the same baseline and controlled � ow conditions as
in the two-dimensional, unswept, con� guration.7 It was found that
the Reynolds number has a very weak effect on the model mean
and � uctuating pressure distributions (Fig. 4), similar to the two-
dimensional � ow effect. Note that C p [solid lines, left-hand side
(LHS) ordinate in Fig. 4] is calculated as for two-dimensional � ow,
and x is measured in the direction perpendicular to the reference
leading edge. The same pressure ori� ces were used to measure the
wall pressures,and the x=c locationis maintainedbecausethe major
direction of the attached � ow development is assumed to be along
the chord, regardless of the sweep angle.

The spanwise distribution of C p was monitored, and the re-
sults for three Reynolds numbers are presented in Fig. 5. Note
that z0=c ´ r sin ’, where r is the radial distance between a pres-
sure tap and the center of the turntable, located at x=c D 0:5 and
z D 0, and ’ is the angle between r and the z D 0 axis. The z0 D 0
axis is the midpoint between the swept end plates, and it coin-
cides with the freestream direction. The data presented in Fig. 5
show an almost spanwise uniform C p distribution over the range
¡0:3 < z0=c < 0:4 (where the streamwise row of pressure taps
are located, as indicated by the arrow between the two vertical
lines on Fig. 5). The deviations from spanwise uniformity are ob-
served to be a weak acceleration along the leading edge [x=c D 0,
1C p=1.z0=c/ D ¡0:08] and a weak deceleration along the trailing
edge [x=c D 0:95, 1Cp=1.z0=c/ D 0:19] at all Reynolds numbers
considered. An almost perfect spanwise uniformity can be seen at
x=c D 0:49. Future three-dimensionalnumerical simulationsshould
be capable of reproducing the small deviation from spanwise uni-
formity, undesirable as it is.

The effect of sweep on the ef� cacy of active separation control
was studied over a � apped NACA 0018 airfoil at low Reynolds
numbers.17 Various scaling laws were proposed, and the effective-

Fig. 4 Mean and � uctuating model pressures at ¤ = 30 deg, M = 0.25;
Rc indicated in legend. Vertical thick broken line indicates the x/c =
0.64 slot location.

Fig. 5 Spanwise distribution of the model Cp , ¤ = 30 deg, M = 0.25; Rc
in millions. Two vertical ——, indicate range of streamwise pressure
taps.

Fig. 6 Comparisonof baseline pressure distributions for 0- and 30-deg
sweep angles, M = 0.25, Rc = 16 ££ 106 . Vertical thick – – –, indicates
x/c = 0.64 slot location.

ness of separation control using periodic excitation was demon-
strated at swept � ow conditions. We shall attempt to apply some
of the scaling laws to the baseline � ow and subsequently will ap-
ply them to the controlled � ow as well. Clearly, the scaling for the
Reynolds number could not be tested using the present setup and
the available data (i.e., surface pressures only), which showed no
Rc sensitivity (i.e., Figs. 4 and 5).

The effect of sweep on the model baseline pressures is shown
in Fig. 6, which compares two- (3 D 0) and three-dimensional
(3 D 30 deg) mean and � uctuating pressure distributions. In agree-
ment with the reduction of the dynamic pressure along the chord
of the swept model, according to q3D D q2D cos2 3, the magnitude
of the C p (LHS ordinate in Fig. 6, solid lines) is reduced over
the attached region of the model at the swept � ow condition. The
� ow separates at x=c ¼ 0:65, regardless of the sweep angle, and at
about the same C p as in the two-dimensional � ow. The two pres-
sure distributions are almost identical from the separation point to
x=c ¼ 0:85. A small difference can be noted in the form of stronger
� ow acceleration above the bubble in the swept � ow, which is in-
dicative of enhanced spreading of the shear layer as a result of
enhanced mixing. Moreover, the pressure recovery above the bub-
ble, as the � ow turns to the surface, is also stronger at the swept
condition, and reattachment therefore occurs upstream of the two-
dimensional reattachment. While the two-dimensional � ow reat-
taches at x=c ¼ 1:2, the swept � ow reattaches at x=c ¼ 1:05 (note
that 1.05/cos 30 deg D 1:21). The � uctuating pressure distributions
[broken line, right-handside (RHS) ordinate in Fig. 6] show an even
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Fig. 7 Scaling of baseline pressure distributions for 0- and 30-deg
sweep angles, M = 0.25, and Rc = 16 ££ 106; see text for notation.

more dramatic difference between the two- and three-dimensional
� ows. The C 0

p values immediately downstream of separation (i.e.,
x=c ¼ 0:67) are ampli� ed in the swept � ow, and C 0

p max is 50% larger
than in the two-dimensional � ow. The forward motion of C 0

p max in
the swept � ow is in agreement with the upstream motion of the
reattachment point, as evaluated from the mean C p . The pressure
� uctuations in the three-dimensional� ow are lower than their two-
dimensional counterparts downstream of reattachment, as seen in
two-dimensional � ow where reattachment moved forward because
of effective control. Clearly, scaling the swept C p3D and C 0

p3D by a
single factor, that is, cos2 3, would not collapsethe two pressuredis-
tributions that are presented in Fig. 6. An alternative simple scaling
that subdivides the � ow into two regions is suggested: the attached
� ow C p (i.e., x=c < 0:64), which is normalized by (the traditional)
cos2 3, and the separated � ow region (i.e., x=c > 0:65), where the
chord is normalized by cos 3. The latter scaling assumes that the
� ow develops along the external � ow direction. The result of this
scaling is presented in Fig. 7. It can be observed that the scaling
for the attached � ow is only partially successful. It undercorrects
at x=c < 0 and overcorrects at 0:2 < x=c < 0:6. This disagreement
with the conventional scaling cannot be attributed to poor simu-
lation of “in� nite” swept � ow because the spanwise uniformity is
very good at both the LE and midchord regions(Fig. 5). The scaling
for the separated and reattached � ow (i.e., x=c > 0:65) is to plot
C p vs x=.c cos3/, and this collapses the mean pressure distribu-
tions over the bubble very well (solid lines, LHS ordinate in Fig. 7).
The location of C 0

p max (broken lines, RHS ordinate in Fig. 7) for
both sweep angles became closer, but the differences in the level of
C 0

p3D vs its two-dimensional counterpart remained. It was shown18

that the spanwise velocity � uctuation (w0) grows very rapidly un-
der an adverse pressure gradient in three-dimensional� ow, and the
magnitude of w0 is similar to that of u0 as incipient separation de-
velops. This is an indication that the total turbulence level in three-
dimensional separation would be larger by a factor of about

p
2

as compared to the turbulence level in two-dimensional � ow. The
same reference notes that w0 is mainly active near the wall, whereas
u 0, which is a remnant of the upstream attached boundary layer, is
mainly active above it, and the two layers merge at reattachment.
It is believed that the � ndings just cited present a possible explana-
tion for the evolution of C 0

p3D , as shown in Fig. 7, in comparison
to the two-dimensional � ow, even though it is well known that the
wall-pressure � uctuations are a result of an integrated effect of the
magnitude of the velocity � uctuations and their respective distance
from the wall-pressuremeasurement location.

Controlled Flow over the “Hump” Model

Overview

This section is devoted to a discussion of the controlled � ow
over the model. Because the baseline � ow contains separated � ow,

there is no attached baseline � ow to be used as a reference. Strong
suction was applied in order to reattach the two-dimensional � ow
at low Mach numbers,8 and it was used here again to study fully
attached three-dimensional� ow and examine various scaling laws.
Thereafter,periodicexcitationwas used to graduallycontrol the sep-
aration bubble and eliminate it. The parameters that were modi� ed
during the test are the frequency and the amplitude of the periodic
excitation, the magnitude of the steady mass � ux through the slot,
as well as the effects of the Reynolds number, were also studied.
The spanwise uniformity of the mean wall pressures was found to
be very good and generally improved with the application of peri-
odic excitation, regardless of the sweep angle. The effect that the
thickness of the turbulent boundary layer upstream of and on the
model has on the baseline and on the controlled three-dimensional
� ow is small and will not be discussedhere (see Ref. 7 for a detailed
discussion).

Swept Controlled Flow

The swept baseline � ow contains a large turbulent separation
bubble, as in the two-dimensional� ow. Therefore,steady suctionor
blowing was applied to reattach the � ow to the surface of the model
gradually. The effectiveness of steady mass � ux in modifying the
� ow is compared in the two- and three-dimensional � ows. Steady
suction was applied from the x=c D 0:59 slot, and the effects on the
moment (LHS ordinate) and form drag (RHS ordinate) coef� cients
are shown in Fig. 8 for 3 D 0 and 30 deg. The data indicate that the
gradual reduction in Cdp and the concomitant increase in Cm do not
deteriorate for the swept � ow, especially for c¹ > 0:05%.

The data shown in Fig. 9 compare the effectiveness of steady
suction and periodic excitation in modifying the form drag on the
model at the two sweep angles when control was applied this time
from the x=c D 0:64 slot. Note the increased effectivenesswhen the
control is applied from the x=c D 0:64 slot, compared to its effec-
tiveness when applied from the x=c D 0:59 slot (Fig. 8) regardless
of the nature of the momentum transfer (i.e., steady or oscillatory).
The form-dragdata, shown in Fig. 9, indicate that for steady suction
as well as for periodic excitation the drag reduction is larger in the
swept � ow, but the rate of drag reduction is smaller. The C p data
of FC D 2 and 3 D 0 deg (Fig. 9) agree very well with the lower
FC data (not shown), whereas the swept � ow data at FC D 2 show
a different trend. It reduces the drag in a more signi� cant manner
for low hc¹i and less for higher hc¹i. This does not happen at lower
FC , as will be shown in Fig. 11.

Figure 10 comparescontrolledpressuredistributionswith suction
c¹ D 0:5% applied from the x=c D 0:64 slot for 3 D 0 and 30 deg.
The form drag corresponding to both pressure distributions is nul-
li� ed by this level of suction (Fig. 9). Note that the swept mean
pressure coef� cients (LHS ordinate) are scaled according to the

Fig. 8 Effect of sweep on the effectiveness of steadysuctionas indicated
by the moment and form-drag coef� cients vs the suction momentum
coef� cient, M = 0.25, Rc = 21 ££ 106 , and x/c = 0.59 slot.
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Fig. 9 Effect of sweep on the form-dragcoef� cient using steady suction
(with F+ = 0) or periodic excitation (with c¹ = 0) for control, M = 0.2,
Rc = 17.5 ££ 106, and x/c = 0.64 slot.

Fig. 10 Effect of sweep on the conventionally scaled Cp using steady
suction for control, M = 0.25, Rc = 21 ££ 106 , vertical dashed broken line
indicates x/c = 0.64 slot, c¹ = ¡¡0.5%.

convention C p D C p3D=cos2 3. The data clearly show that suction
at c¹ D 0:5% has a comparable effect on the mean and � uctuating
� ow regardlessof the sweep angle and that the conventionalscaling
works very well for this mostly attached � ow. The model surface-
pressure� uctuations(C 0

p , RHS ordinate)are in verygoodagreement
without any scaling, and so if q3D should be used to scale C 0

p3D the
conclusion would be that it increased by a third in comparison to
its two-dimensionalcounterpart, in agreementwith the higher C 0

p3D
measured on the baseline three-dimensionalseparation bubble.

Figure11 presentsthe formdrag variationat the two sweep angles
as a result of the application of periodic excitation using FC D 0:8
and 1.6 with increasing hc¹i. Note that the baseline form drag is
presentedfor hc¹i D 0:001%, for both sweep angles. The sensitivity
to FC is weak, regardlessof the sweep. While at 3 D 0 deg, periodic
excitationwith hc¹i < 0:02% increasesthe form drag; at 3 D 30 deg
periodic excitation at hc¹i < 0:02% is almost neutral.The effective-
ness of periodic excitationusing hc¹i > 0:02% in reducing the form
drag is similar regardless of the sweep angle.

Figure 12 compares pressure distributions with periodic exci-
tation that is applied from the x=c D 0:64 slot using hc¹i D 0:2%
and F C D 2. Note that the scaling for the swept Cp (i.e.,

Fig. 11 Effect of sweep on form-drag reduction using F+ = 0.8 and 1.6
for control, M = 0.25, Rc = 16 ££ 106 , x/c = 0.64 slot, and c¹ = 0.

Fig. 12 Effect of sweep on the scaled mean Cp and � uctuating Cp
(RHS ordinate) using F+ = 2 and hc¹i = 0.2% for control, M = 0.25,
Rc = 17.6 ££ 106, x/c = 0.64 slot, and c¹ = 0.

C p D Cp3D=cos2 3) collapses the two data sets very well, indicating
again that this scaling works well also for partially attached � ow.
The two- and three-dimensional� uctuatingwall pressures(C 0

p , RHS
ordinate) are in good agreement, without any scaling, consistent
with the current � ndings for reattached � ow using steady suction
(i.e., that the sweep enhances the separated � ow instability). Be-
cause the dynamic pressureat the swept � ow conditionwas reduced
according to q3D D q2D cos2 3, it was suggested17 that the integral
parameters(includingthe formdrag) for the swept � ow shouldscale
according to 1=cos2 3. The swept � ow data of Figs. 9 and 11 are
replotted in Figs. 13 and 14 when the form drag and the momen-
tum coef� cients are scaled according to Cdp3D D Cdp2D=cos2 3 and
C¹3D D C¹2D=cos2 3. The data clearly show that when the con-
trol overcomes the massive separation at the lee side of the model,
using steady suction with C¹ > 0:1% or periodic excitation with
C¹ > 0:2%, the conventional scaling works very well. As long as
the � ow encloses a massively separated � ow region, the conven-
tional three-dimensionalscaling fails to collapse the data to a single
curve. This is in agreement with the � nding that the conventional
scaling fails to collapse the pressuredistributionsthat are associated
with the bubble.
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Fig. 13 Effect of sweep on the scaled form drag using steady suction
for control, M = 0.25, Rc = 21 ££ 106 , and x/c = 0.64 slot.

Fig. 14 Effect of sweep on the scaled form drag using F+ = 0.8 and 1.6
for control, M = 0.25, Rc = 16 ££ 106 , x/c = 0.64 slot, and c¹ = 0

IV. Conclusions
Active separationcontrol was applied to a carefully documented

baseline � ow at high Reynoldsnumbers.This paper concentrateson
effects of mild sweep on the baselineand on the controlled� ow. The
baseline� ow boundarylayers are turbulentso that laminar-turbulent
transition does not baf� e the data trends caused by the active sepa-
ration control. The Reynolds number has a very weak effect on the
model pressure distributions, regardless of the sweep angle.

The effectiveness of the excitation slot located at x=c D 0:64 is
signi� cantlyhigherthan that of the slot locatedat x=c D 0:59.This is
because the magnitude of the excitation decays considerably in the
attachedregionof theboundarylayer,becauseseparationtakesplace
at x=c ¼ 0:65 in the two-dimensional as well as in the swept � ow.

The spanwise uniformity of the wall pressures, at unswept � ow
conditions,was found to be very good and improved as the separa-
tion was controlled.The swept � ow did not differ considerablyfrom
“in� nitely”swept � ow conditions.Steady as well as periodiccontrol
improved the spanwise uniformity at the lee side of the model.

It was found that sweep shortens the bubble and signi� cantly
increases the level of the wall-pressure � uctuations upstream of
reattachment, in agreement with other experimental data for incipi-
ent three-dimensionalseparation.The attached � ow boundary layer
develops in a directionperpendicularto the leading edge and scales,
as expected,with 1=cos2 3 while the separatedshear layer develops
along the freestream direction and scales with x 0 D x=cos3, where
x is in the direction of the freestream.

Active control using periodic excitation is comparable to steady
suction and signi� cantly more effective than steady blowing, as
long as the modi� cation of the integral parameters is considered.
The ef� cacy of frequencies with FC ¼ 1 to reattach separated � ow
is maintained in the three-dimensional� ow. The form drag and the
momentum coef� cients of the control input scale according to the
conventional swept � ow scaling (i.e., 1=cos2 3) when the � ow is
mostly attached.
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